LPS is a potent bacterial endotoxin that triggers the innate immune system. Proper recognition of LPS by pattern-recognition receptors requires a full complement of typically six acyl chains in the lipid portion. Acyloxyacyl hydrolase (AOAH) is a host enzyme that removes secondary (acyloxyacyl-linked) fatty acids from LPS, rendering it immunologically inert. This activity is critical for recovery from immune tolerance that follows Gram-negative infection. To understand the molecular mechanism of AOAH function, we determined its crystal structure and its complex with LPS. The substrate's lipid moiety is accommodated in a large hydrophobic pocket formed by the saposin and catalytic domains with a secondary acyl chain inserted into a narrow lateral hydrophobic tunnel at the active site. The enzyme establishes dispensable contacts with the phosphate groups of LPS but does not interact with its oligosaccharide portion. Proteolytic processing allows movement of an amphipathic helix possibly involved in substrate access at membranes. 
LPS is a potent bacterial endotoxin that triggers the innate immune system. Proper recognition of LPS by pattern-recognition receptors requires a full complement of typically six acyl chains in the lipid portion. Acyloxyacyl hydrolase (AOAH) is a host enzyme that removes secondary (acyloxyacyl-linked) fatty acids from LPS, rendering it immunologically inert. This activity is critical for recovery from immune tolerance that follows Gram-negative infection. To understand the molecular mechanism of AOAH function, we determined its crystal structure and its complex with LPS. The substrate's lipid moiety is accommodated in a large hydrophobic pocket formed by the saposin and catalytic domains with a secondary acyl chain inserted into a narrow lateral hydrophobic tunnel at the active site. The enzyme establishes dispensable contacts with the phosphate groups of LPS but does not interact with its oligosaccharide portion. Proteolytic processing allows movement of an amphipathic helix possibly involved in substrate access at membranes. (1) and is the most potent agonist of innate immunity in humans (1) . This complex molecule is composed of a glycolipid called "lipid A," linked to a core oligosaccharide to which a long O-polysaccharide is attached (1, 2) . Lipid A normally consists of a diphosphorylated diglucosamine scaffold bearing several lipid tails. Stimulation of the MD-2-Toll-like receptor 4 (TLR4) immune receptor complex by LPS at the cell surface requires the presence of six acyl chains on its lipid A moiety; penta-or heptaacyl ligands are 100-fold less active, and tetra-acyl analogs are inactive (1) (2) (3) (4) (5) . Hexa-acyl LPS is also necessary for the detection of bacterial invasion by cytoplasmic caspases 4, 5, and 11 (6) (7) (8) .
Following the acute response, the host can enter a tolerant state in which subsequent responses to LPS are dampened (5, 9, 10) , preventing excessive inflammation. Persistent exposure of macrophages to endotoxin down-regulates the expression of proinflammatory factors, including TNFα, and represses intracellular signal-transduction pathways initiated by TLR4 (11) . This involves regulators, including SOCS1, ST2, IRAKM, SHIP, GILZ, and mir-146a, as well as transcriptional control (11) . However, recovery from this state of immune tolerance is required for proper defense against further Gram-negative infections. Reestablishment of sensitivity to LPS is accomplished by its detoxification from the resolving infection (5, 9, 10, 12) . This process is carried out by a host enzyme, acyloxyacyl hydrolase (AOAH), which removes fatty acids from lipid A (13, 14) , thereby rendering it inert to TLR4-or caspase-based detection.
Lipid A typically contains four primary acyl chains directly attached to the diglucosamine backbone and a variable number of secondary fatty acids linked to the primary ones (Fig. 1C) ; AOAH selectively hydrolyzes the secondary (acyloxyacyl-linked) chains (13) (14) (15) (16) (17) (18) (19) . This protein is found in endosomes or possibly lysosomes of phagocytic white blood cells (5, 13, 15, 18, 19) and liver-resident macrophages (20) as well as in the serum of certain animals (19, 21) and acts on LPS aggregates, bacterial membrane remnants, and possibly on LPS solubilized by the proteins CD14 or LBP (22) . In mice, AOAH deficiency results in prolonged tolerance (over 2 months) (9) , whereas its overexpression improves survival and recovery from bacterial infection (23) . It has been suggested that enhancing AOAH activity could improve outcomes in infections and certain chronic conditions in humans (9, 23) .
Although AOAH was discovered more than 30 years ago (13, 14) , an understanding of the molecular details of AOAH function is still lacking. The determinants of LPS recognition by the protein are unknown, as is the basis of its selectivity toward secondary acyl chains. The specific role of its built-in saposin domain (19) is unclear, and the mechanism by which proteolytic processing of AOAH in acidic organelles increases its enzymatic activity on LPS (19) has not been determined. Here, we report the crystal structures of AOAH and its complex with lipopolysaccharide; these findings, together with biophysical and biochemical analyses, address these questions.
Results
Overall Structure. Endosomal AOAH undergoes differential posttranslational processing relative to its secreted counterpart. The N-terminal signal peptide is removed from both forms, but a propeptide is further cleaved off only from the endosomal protein (17, 19) . Additionally, a proteolytic event in the acidic environment of endosomes separates the enzyme into a small and a large subunit linked by a disulfide bridge (15, 17, 19) . We determined the crystal structures of full-length human, murine, and rabbit AOAH lacking the signal peptide, including the structures of the intact and cleaved protein ( Fig. 1 A and B) . The large subunit comprises the catalytic domain, a hitherto unrecognized calcium-binding region, and an isolated amphipathic helix (α6).
Significance
LPS is the major bacterial molecule recognized by the human innate immune system. It elicits a strong inflammatory response followed by a state of immune tolerance. The human enzyme acyloxyacyl hydrolase (AOAH) then detoxifies LPS to reestablish sensitivity for subsequent infections. We determined the 3D structure of AOAH to better understand its function. The enzyme binds to LPS via a hydrophobic surface and contains a hydrophobic tunnel into which one fatty acyl chain of the LPS fits to be cleaved off. AOAH also interacts with the phosphate groups of LPS but not its saccharide portion. Additionally, we report an unexpected calcium-binding domain in this enzyme.
The small subunit consists of a saposin domain (17, 19) ; saposins are lipid-and membrane-binding modules that assist the function of lysosomal hydrolases, among other roles (24, 25) . The propeptide is not visible in the electron density of the structures. The protein bears four Asn-linked glycans, whereas the Asn336 sequon is buried and inaccessible for glycosylation.
Catalytic and Saposin Domains. The AOAH catalytic domain has a five-stranded parallel β-sheet at its core surrounded by 11 helices (Fig. 1B and Fig. S1A ). This architecture is conserved in the GDSL esterases/lipases family (Pfam PF00657 and PF13472) (Fig.  S1B ) (17) , of which the best-characterized mammalian member is the platelet-activating factor acetylhydrolase. The saposin domain is composed of four α-helices stabilized by three disulfide bonds and bears a C-terminal extension which contains the intersubunit disulfide bridge (Cys123 and Cys453) (Figs. 1B and 2A ). The Cterminal portion of the extension is disordered in the structure and extends to the natural proteolytic processing site (Ser157). Saposins are conformationally flexible and adopt either a closed form that buries hydrophobic residues in the core or an open state with an exposed hydrophobic surface that participates in lipid and membrane binding (25) . The saposin domain of AOAH is partially open, most closely resembling the conformation of saposin B or saposin C in the presence of detergent (Fig. 1B and Fig. S1C ).
Mammals possess four saposins (A-D) that assist lysosomal hydrolases in sphingolipid degradation, and saposins A and C form stable complexes with their cognate enzymes (24, 26) . Moreover, in acid sphingomyelinase, the only mammalian protein besides AOAH that contains saposin and catalytic domains within a single polypeptide chain, the saposin domain can be in an open state and associate with the catalytic domain via a hydrophobic interface (27) (28) (29) or can adopt a closed conformation with fewer contacts to the rest of the enzyme (27) . In AOAH, the relative position of the saposin domain is invariant in all the crystal structures reported here, including the intact and proteolytically processed forms, and in presence of substrates and detergent. The small subunit is abutted against two long segments of the catalytic domain (Fig. 1B) , interacting with the latter via an extensive 1,165-Å 2 hydrophobic interface involving 40 side chains, four hydrogen bonds, and a disulfide bridge ( Fig. 2A) .
Without the constraints of the crystal environment, however, motion of the saposin domain could be envisioned as occuring around the disulfide tether, particularly after proteolysis of the intersubunit linker. To detect such movements, the shape of the protein in solution was examined by small-angle X-ray scattering (SAXS) (Fig. S2) . Proteolytic cleavage and changes in pH had no effect on the radius of gyration (the average distance of all atoms to the center) or the distance distribution function (the distribution of all interatomic distances) (Fig. 2B) . Additionally, the reconstructed shape of the enzyme in solution was similar in all cases and agreed with the crystal structure (Fig. 2C) . To verify the stability of the interdomain interface, the disulfide bond was mutated, and coprecipitation experiments were performed on proteolytically processed AOAH. Both subunits remained associated after 2 h at neutral and acidic pH (Fig. 2D) . However, the total amount of recovered mutant protein was greatly decreased after proteolysis. Combined with the much lower expression yield of the disulfide mutant or Δsaposin construct, these observations suggest that slow dissociation of the subunits would destabilize the protein. In summary, the two subunits of AOAH form a rigid complex, although the possibility of rearrangement at membrane interfaces cannot be excluded.
Calcium-Binding Region. Electron density of the AOAH structures revealed the presence of metal ions in a region neighboring the catalytic domain (Fig. 1B) . This 70-residue segment has no known sequence homology, including among GDSL esterases/lipases or saposins. Two adjacent metals are coordinated by five acidic side chains and four backbone carbonyl groups, and a third ion is held by three anionic residues, two asparagine side chains, and a backbone carbonyl group (Fig. 3A) . Analysis of the crystallographic temperature factors and binding geometry indicated these metals are probably calcium (Fig. S3A) . We sought to determine the purpose of this calcium-binding region in AOAH function. As discussed later, it is unlikely to interact with the LPS substrate (e.g., via its phosphate groups) since the calcium ions are fully coordinated by the protein. Moreover, the metal-binding residues are conserved even in AOAH homologs from unicellular organisms (Fig. S3B) , some of which have substrates other than LPS (30) . On the other hand, calcium may serve to stabilize the enzyme, as found in several other proteins (31) . Indeed, prolonged incubation with EDTA decreased enzymatic activity on a small-molecule generic substrate ( Fig. 3B ) and lowered the melting temperature of AOAH in thermal stability assays (Fig. 3C) . Additionally, EDTA treatment or mutation of calcium-binding residues rendered the enzyme highly susceptible to proteolytic degradation ( Fig. 3 D and E) . Last, the loss of one calcium ion was observed in one of the crystal structures, along with a local rearrangement and disordering (Fig.  3F ). In summary, we identified a calcium-binding region that appears to be important for stability in AOAH. Structures of the enzyme crystallized in absence of substrates contained additional electron density within this cavity, attributed to fatty acids and phospholipids carried over from protein purification ( Fig. 4A and Fig. S4 ). To verify whether the LPS substrate also binds at this site, catalytically inactive AOAH was crystallized in presence of Escherichia coli lipid A or LPS Ra mutant, bearing six acyl chains and the core oligosaccharide but lacking the O-antigen. In the resulting structures of the human, murine, and rabbit enzyme, the substrates are only partially visible in the electron density, with their fatty acid moieties bound in this pocket ( Fig. 4B and Fig. S4 ). Notably, a single acyl chain often occupies a narrow lateral hydrophobic tunnel extending into the catalytic domain ( Fig. 4B) , likely a secondary (acyloxyacyl) chain based on connectivity. Furthermore, a structure of rabbit AOAH together with fully discernible lipid A was obtained ( Fig. 4C and Fig. S4 ); however, a PEG molecule from crystallization fills the hydrophobic tunnel. The detailed interactions between LPS and the enzyme are addressed later; here the active site is described.
The lateral hydrophobic tunnel entrance is located next to a set of residues conserved in the GDSL esterases/lipases family ( Fig. S5 ) that form the active site. To gain a clearer view of the catalytic mechanism, a high-resolution structure of inactive murine AOAH in complex with phosphatidylcholine was determined; phospholipids can also serve as substrates for this enzyme (18, 19) . The lipid is bound with one acyl chain inserted into the tunnel, whereas the phosphocholine head group is not discernible ( Fig. 5A and Fig. S4 ). The nucleophilic serine hydroxy group (Ser263Ala mutant) is positioned near the carboxyl carbon of that acyl chain (Fig. 5B) . Neighboring His530 and Asp527 complete the catalytic triad. The reaction mechanism of GDSL esterases/lipases begins with a nucleophilic attack by the serine side chain on the substrate's ester carbon, with the oxyanion intermediate stabilized by the backbone amide groups of Gly341 and Ser263 and the side chain of Asn373, which together form the oxyanion hole (Fig. 5B) (32) . Release of the substrate (here, deacylated LPS) results in an acyl-enzyme covalent intermediate. AOAH can transfer fatty acids between lipids (18) via this intermediate. Subsequent hydrolysis dissociates the acyl chain and regenerates the active site.
To validate the hydrophobic tunnel as the binding site of the secondary (acyloxyacyl) chains of LPS, two residues lining its walls (Gly372 and Pro419) (Fig. 5A) were replaced by methionine to block lipid entry. The mutations did not negatively affect the fold of the protein as judged by enzymatic activity on a smallmolecule generic substrate (Fig. S6A) . However, deacylation of LPS was abolished (Fig. 6D) , confirming the hydrophobic tunnel's role. The further end of this narrow cavity is capped by the side chains of Phe423 and Phe505 (Fig. 4C) . Interestingly, the depth of the tunnel varies between the structures reported here, being restricted by differing orientations of the two phenylalanine side chains (Fig. 6A ) which adopt either "in" or "out" conformations (Fig. 6B ). This variability does not seem to be induced by the presence or absence of substrate. Rather, speciesspecific differences in the amino acids surrounding the phenylalanine residues could favor certain orientations (Fig. 6C) , with the rabbit enzyme generally displaying a deeper cavity.
AOAH can remove secondary fatty acids at positions 3′, 2′, and 2 of the lipid A diglucosamine backbone (16) . LPS from certain bacteria also contains an acyloxyacyl moiety at position 3 (2) and perhaps could serve as substrate as well, although this has not been verified. This wide specificity is made possible by the ability of the enzyme to bind to lipid A in different orientations. In several structures reported here, LPS is only partially distinguishable, likely due to multiple substrate conformations in the crystal. Nevertheless, the primary acyl chain that bears the secondary fatty acid to be cleaved is clearly visible in all cases (Fig. 4B ), providing part of the explanation for the protein's selectivity for secondary acyl chain hydrolysis; the two hydrocarbon tails of the acyloxyacyl moiety together appear to be major contributors to binding affinity, masking a continuous hydrophobic surface on the enzyme. Furthermore, complete insertion of a primary acyl chain into the hydrophobic tunnel, required to position the ester bond at the active site, would be sterically hindered by the substituents on the glucosamine, while entry of secondary fatty acids allows more distance to the bulky saccharide. The tightness and capping of the tunnel also account for the protein's preference for nonhydroxylated, saturated, and short acyl chains (16, 18) . In summary, LPS binds to AOAH with its fatty acid tails covered by the hydrophobic pocket formed by the saposin and catalytic domains and a secondary (acyloxyacyl) chain buried in the hydrophobic tunnel at the active site. Notably, the protein does not interact with the diglucosamine backbone of lipid A or the core oligosaccharide, which is mostly disordered in the structures, and is not expected to bind the O-antigen, either. On the other hand, electrostatic contacts are established between the lipid A phosphate moieties and two sets of cationic residues (Figs. 4C and 5C), one located on loops from the catalytic domain and the other on amphipathic helix α6 (discussed later). These residues are moderately conserved in vertebrates (Fig. 5C ). Surprisingly, Arg378 is unique to rabbits among all mammals (Fig.  5D) . Mutation of these basic residues in the human enzyme did not affect LPS hydrolysis in our detergent-based in vitro assay (Fig. S6B) . Moreover, deacylation at positions 2′ and 3 (Fig. 1C) entails LPS binding in a manner likely to disrupt contacts with one or both phosphates, as opposed to our structure which is representative of the binding mode for positions 3′ or 2 (Figs. 1C and  4C ). However, these reactions occur at similar rates (16) . Moreover, the phosphate moieties are substituted in certain bacteria, decreasing or neutralizing their charge (2); AOAH still remains active on one such substrate in vitro (16) . Combined, these results suggest that electrostatic interactions are not crucial for LPS recognition, although a possible relevance in vivo cannot be excluded, especially in the rabbit ortholog.
Amphipathic Helix. As mentioned previously, endosomal proteolysis separates AOAH into two subunits, but no major rearrangements were discerned in the crystal structures or by SAXS. The only variability occurs in helix α6 situated at the N terminus of the large subunit, immediately following the processing site. This helix adopts a range of orientations in both the intact and cleaved structures (Fig. 7C) , with Ser179 as the hinge point, and wider rotation could be envisioned in the processed enzyme outside the crystal constraints. The small subunit also contains a C-terminal linker that becomes flexible after proteolytic cleavage (Fig. 1B) ; however its sequence conservation is low, and its presence in vivo is uncertain (17, 19) .
Proteolytic processing of AOAH greatly increases the in vitro hydrolysis rate of LPS, but not that of phospholipids, by an unknown mechanism (19) . As no other structural changes were evident upon proteolysis, helix α6 was examined more closely. This segment is amphipathic, with one side partly facing the protein and bearing only hydrophobic residues, whereas the other side is solvent-exposed and displays only charged and polar residues ( Fig. 7A and Fig. S7A ). The hydrophobic portions of the helix are conserved in vertebrates (Fig. 7B) . We initially evaluated the effect of cleavage on catalytic competency. Helix α6 is located far from the active site (Fig. 7C) , and proteolysis did not enhance activity against a small-molecule generic substrate (Fig.  S7B) ; in fact, a slight decrease was observed, possibly due to lowered stability of the protein. In contrast, processing increased the deacylation of LPS in a detergent-based assay up to twofold (Fig. 7D) . A similar effect was measured with liposomes containing lipid A as substrate (Fig. 7E) .
These results suggest that proteolysis could somehow improve LPS binding to the enzyme. However, the hydrophobic face of α6 does not interact with LPS acyl chains, at least in their final bound position (Fig. 8C) . The electrostatic contacts between α6 and the phosphate group of lipid A are also not essential for activity, as stated before. Alternately, the amphipathic helix could facilitate access to the substrate in a micellar or membrane setting. It has been suggested that, in addition to LPS aggregates, bacterial fragments, or lipoprotein particles, AOAH can act on lipopolysaccharide extracted by the cofactor LPS-binding protein (LBP) (22) . Remarkably, proteolytic processing did not increase LBPassisted LPS deacylation and even decreased it at acidic pH (Fig.  7F) . Processing thus could affect membrane-interacting properties of the enzyme. An intriguing observation is the ability of AOAH to bind to intact bacteria, but only at acidic pH and in its uncleaved form ( Fig. 8E and Fig. S8B ). Finally, these effects are not restricted to LPS. We demonstrate that the enzyme can also deacylate in vitro synthetic lipopeptides that mimic the lipoprotein ligands of TLR2 (33); processing also increases activity on these substrates in detergent micelles (Fig. 8D) . In summary, endosomal proteolysis of AOAH may modulate access to substrates in a membrane environment, possibly via the amphipathic helix α6.
Discussion
Detoxification of LPS is an essential step in recovery from Gramnegative bacterial infections, and the structures presented here reveal the molecular details of AOAH function. The protein removes secondary acyl chains from LPS, rendering this potent immunostimulatory agent inert to TLR-and caspase-based detection systems. The multiple structures of the enzyme in complex with LPS and other lipids enable us to propose a model of productive LPS binding. Acyl chains of lipid ligands are accommodated in a set of hydrophobic tracks formed by the saposin and catalytic domains, with one tail buried in a lateral hydrophobic tunnel for hydrolysis (Fig. 8A) . Cleavage of the remaining secondary acyl chain(s) would therefore require at least partial dissociation and rebinding of the substrate. The LPS molecule bound to AOAH resembles an open palm, with the fingers representing primary lipid tails and the thumb designating a secondary acyl chain (Fig. 8B) . The enzyme covers its substrate like a mitten, without contacting the core oligosaccharide or O-antigen (arm). Interestingly, the features recognized by AOAH, namely the lipid portion and phosphate groups, are also the determinants of LPS binding to and activation of the MD-2-TLR4 complex (Fig. S8A) . Polymorphisms in AOAH have been associated with asthma (34) and chronic rhinosinusitis (35) . Over 200 single-nucleotide variants in this enzyme have also been identified from genomesequencing projects. Based on the crystal structure as well as sequence conservation, we assessed the expected impact of each mutation on the protein's stability, fold, or activity (Table S2) . Whereas most polymorphisms are predicted to be benign, about 30 variants are likely harmful. AOAH participates in recovery from Gram-negative infections; thus, in addition to shedding light on the molecular mechanism of AOAH, our results could help identify individuals with impaired immune function. 
Materials and Methods
Protein Expression and Purification. Recombinant AOAH was expressed as a secreted protein in Sf9 insect cells infected with baculovirus. The endogenous signal peptide comprising the first 22 or 23 residues was replaced by the melittin signal peptide MKFLVNVALVFMVVYISYIYA followed by a hexahistidine tag DRHHHHHHKL. Constructs encompassed residues 24-575 of human (UniProt: P28039), residues 23-574 of murine (UniProt: O35298), and residues 23-575 of rabbit (UniProt: O18823) AOAH. All mutants were verified by DNA sequencing. AOAH was isolated from expression culture medium using nickel-nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher Scientific), further purified by size-exclusion chromatography on a Superdex 200 column (GE Healthcare) in buffer [15 mM Tris·HCl (pH 7.5), 100 mM NaCl], applied to a Q Sepharose anion exchange column (GE Healthcare), collected in the flowthrough, and concentrated to 10 mg/mL.
Crystallization. For proteolytic processing for crystallization, human AOAH at 10 mg/mL was incubated with 10 μg/mL chymotrypsin at 4°C for 16 h, while 33 μg/mL trypsin was used for the rabbit ortholog. Proteolysis was stopped with 0.5 mM PMSF. For complexes with lipids or LPS, inactive AOAH (Ser263Ala mutant) was incubated with 1 mM Triton X-100 and substrates: 0.333 mM E. coli LPS Ra (Sigma L9641), 1 mM E. coli lipid A (Sigma L5399), or . X-ray diffraction data were collected at 100 K on beamline 08ID-1 with a Rayonix MX300 CCD detector at the Canadian Macromolecular Crystallography Facility, Canadian Light Source. Data were processed by HKL2000 (36) with auto-corrections enabled or XDS (37) .
Structure Determination. A crystal of the cleaved rabbit AOAH with LPS (structure with low-quality saposin) was briefly soaked in well solution supplemented with 1 M sodium iodide, and the structure was solved by iodine single-wavelength anomalous diffraction using Autosol (38) in Phenix (39) and was manually built in Coot (40) . The saposin domain could not be built initially due to excessive positional flexibility in this crystal form; the structure was completed by molecular replacement with the other crystal forms using Phaser (41) in Phenix. Refinement was carried out by phenix.refine (42) . Translation-libration-screw (TLS) parameters were applied for the rabbit AOAH with LPS (structure with low-quality saposin) and the murine enzyme apo form and with DMPC. Noncrystallographic symmetry restraints were applied to the murine AOAH with lipid A. Crystallographic data collection and structure refinement statistics are presented in Table S1 . Structural images were prepared with the PyMOL Molecular Graphics System, version 1.3 (Schrödinger, LLC). Sequence logos were created by the Seq2Logo server (43) with clustering disabled (Fig. 5) or enabled (Fig. 7) .
SAXS. Human AOAH was optionally proteolytically processed by chymotrypsin as described above. Size-exclusion chromatography-coupled SAXS (SEC-SAXS) experiments were carried out at the G1 beamline with a Dectris Pilatus 100K-S detector at the BioSAXS facility, Macromolecular Diffraction Facility of the Cornell High Energy Synchrotron Source (MacCHESS). Data were processed by BioXTAS RAW (44) . Radii of gyration were calculated by PRIMUS (45) and distance distribution curves by GNOM (46) as part of ATSAS (47) . Shape reconstructions were performed by DAMMIF (48) and crystal structures were fit into the SAXS envelopes by SUPCOMB (49).
Coprecipitation. To evaluate the stability of the interaction between the small and large subunits, human AOAH lacking the interdomain disulfide bridge (Cys123Ala mutant) at 0.45 mg/mL was incubated at 4°C for 2 h in buffer (100 mM NaCl, 5 mM CaCl 2 ) with either 10 μg/mL trypsin and 10 mM Tris·HCl (pH 7.5) or 1 mg/mL pepsin and 10 mM sodium acetate (pH 5). Tris·HCl (pH 7.5) was then added to a final concentration of 100 mM along with Ni-NTA beads, followed by incubation at 4°C for 1 h. Binding of human, murine, or rabbit AOAH to intact bacteria was assayed by incubating the protein at 0.1 mg/mL, either uncleaved or after tryptic processing, with E. coli at an optical density of 7, washing in binding buffer [100 mM NaCl, 50 mM Tris·HCl (pH 7.5) or sodium acetate (pH 5)] for 15 min at 22°C, and centrifugation at low speed.
Stability Analysis. Thermal stability of human AOAH at 4 μM was assayed in buffer [100 mM NaCl, 50 mM Tris·HCl (pH 7.5) or sodium acetate (pH 5) with 5 mM CaCl 2 or EDTA] in the presence of 1× Protein Thermal Shift dye (Thermo Fisher Scientific). Melt curve experiments were performed using recommended settings. Melting temperatures were calculated by the derivative method with the Protein Thermal Shift Software. Proteolytic stability was assessed by incubating human AOAH mutants at 0.2 mg/mL for 2 h at 37°C in buffer (100 mM NaCl, 5 mM CaCl 2 ) with either 10 μg/mL trypsin and 50 mM Tris·HCl (pH 7.5) or 0.1 mg/mL pepsin and 50 mM sodium acetate (pH 5). Alternatively, the wild-type protein at 0.2 mg/mL was incubated at 37°C for 24 h in buffer [100 mM NaCl, 20 mM Tris·HCl (pH 7.5) or sodium acetate (pH 5) with 5 mM CaCl 2 or EDTA] followed by the addition of either 100 mM Tris·HCl (pH 7.5) with 10 μg/mL trypsin, or 100 mM sodium acetate (pH 5) with 0.1 mg/mL pepsin, and incubation at 37°C for 2 h. To determine the effect of calcium removal on enzymatic activity, human AOAH was incubated at 37°C for 24 h in buffer [100 mM NaCl, 10 mM Tris·HCl (pH 7.5) with 5 mM CaCl 2 or EDTA] and diluted fivefold with enzymatic assay buffers (see below).
Enzymatic Activity. Hydrolysis of p-nitrophenyl acetate was assayed at 2 mM substrate and 2 μM AOAH in buffer [100 mM NaCl, 20 mM Tris·HCl (pH 7.5) or sodium acetate (pH 5)] at 37°C for 30 min. Absorbance was then measured at 405 nm for pH 7.5 samples or at 340 nm for pH 5 samples, and product formation was quantified with p-nitrophenol standard curves. LPS deacylation was measured by the Free Fatty Acid Fluorometric Assay (Cayman Chemical). AOAH at 0.1-0.25 μM was incubated with 0.25 mM E. coli LPS Ra (Sigma L9641) and detergent (1 mM Triton X-100 or 10 mM CHAPS) in buffer [100 mM NaCl, 20 mM Tris·HCl (pH 7.5) or sodium acetate (pH 5)] at 37°C for 1 h. The reaction was stopped at 95°C for 5 min, and free fatty acids were quantified with a myristic acid standard curve. Deacylation of synthetic lipopeptides was also assayed in presence of detergent, with 0.5 mM Pam3CSK or Pam2CKS4 (InvivoGen). Lipid A liposomes were prepared by extrusion through 100-nm polycarbonate filters. Neutral liposomes consisted of 70 mol % phosphatidylcholine, 20% cholesterol and 10% E. coli lipid A (Sigma L5399); in anionic liposomes, 20% phosphatidylcholine was replaced by bis(monoacylglycero)phosphate. For assays with LBP, the LBP-assisted hydrolysis rate was obtained by subtracting activity against 0.25 mM LPS alone from activity in the presence of 10 μM LBP and 0.25 mM LPS.
Data Availability. Atomic coordinates and structure factors were deposited into the Protein Data Bank (PDB) under the ID codes 5W78, 5W7C, 5W7A, 5W7B, 5W7D, 5W7E, and 5W7F. (E) To test the binding of human AOAH to intact E. coli, the enzyme was incubated with bacteria at different pHs, centrifuged at low speed, and visualized on a reducing gel. The 53-kDa band in the uncleaved pH 5 input sample is a degradation product arising from a protease trace impurity. Ft, flowthrough.
